Contact of a negatively charged microprobe to the (0001) face of a silver-backed Madagascar a-quartz crystal at temperatures between 300-573°C produced four distinct types of visible decorations. The most prominent of these were conducting metallic platelets on the basal plane about 0.4 p. thick, with surface areas ranging up to the dimensions of the anode. The growth of these platelets appeared to take place only at the periphery, and to be thermally activated with dependence upon field e of the form exp [ -(Ho-{Jel)/RTJ, where {J=0.32 kcal/[mole(V /cm)lJ and Ho=38 kcal/mole. Metallic platelets which formed deep within the crystal bulk, having relatively large surface area usually caused the crystal to fracture. The migration of silver through the crystal bulk was observed to take place only in the [0001J direction. Geometric patterns showing the sixfold symmetry of the basal plane were observed to form, at or near the crystal surface, within a fraction of a second upon the application of a negative probe to the (0001) face. Probe currents, both axial and equatorial, were found to be thermally activated with energies between 38 and 39 kcal/mole for conduction not involving the transport of silver ions. Platelet formation in synthetic quartz crystals differed markedly from that for natural quartz. Instead of a conducting metallic platelet, an irregular dendritic growth appeared.
INTRODUCTION F
OUR component direCt currents have been suggested l ,2 to contribute to conduction in quartz: (1) the displacement current (decaying in 10-2 -10-1 sec); (2) the anomalous current (a small effect dying out 10---15 min after a change in potential); (3) the surge or diffusion current (ascribed to impurity motion, initially large, but decaying in 500-1200 h without external ion source); (4) the steady-state current. Diffusion currents due to Li+ and N a+ migrating in the [0001] direction were first studied 3 in the late nineteenth century. Agreement with Faraday's law 3 and activation energies of 20 kcal/mole,4 17-22 kcal/mole,5 and 20.6 kcal/mole 5 have been reported for Li+; 22-25 kcal/mole 5 and 24.0 kcal/mole 2 for Na+; and 31.7 kcal/mole 5 for K+, where liquid electrolytes3-5 or nonvolatile salts 2 (up to 350 V) were used as ion source electrodes. It was suggested 5 that the slow process involved either introduction of the ions into the sample, or their removal from it. The activation energies for both surge and high-temperature steady-state currents decrease approximately linearly! with the square root of electric field strength. Na and Li migration is decreased 250-fold 6 by 3 X 10 17 neutrons/ cm 2 neutron irradiation, and activation energy increases with dosage. Cu ions produced 6 an erratic current after * This work was supported by the U. S. Office of Naval Research. t Present address: Department of Physics, Brigham Young University, Provo, Utah. This research formed an essential part of a Ph.D. dissertation in Physics at the University of Utah, Salt Lake City. 9 Upon cooling, well-developed dendrites or concentric rings may appear,lo These dissolve if heated above the polymorphic transition temperature, and a line structure forms 1o on subsequent cooling. Cleavage may occur 7 at (0001) precipitates on etching in HF. A breakdown of Si-O tetrahedra in the quartz lattice was suggested ll to supply the carriers for steadystate current at higher temperatures. O 2 and Si were detected l2 at the respective electrodes of fused quartz subjected to 1 kV/cm at 1000°C. A longitudinal galvanometric effect, suggestive of electronic conduction, was found 13 below 300°C, and its vanishing interpreted 14 to support the ionic conduction mechanism above. In a very careful study 30---450°C, activation energies 35-39 kcal/mole were found 14 for steady axial conduction and 42.9 kcal/mole l5 or 42 kcal/mole l3 for equatorial conduction. A more detailed account of the present experiments may be found in reference 16.
VANFLEET, BAKER, AND GIBBS EXPERIMENTAL TECHNIQUE
The combined microscope and manipulation stage was a modified Kentron microhardness tester equipped with a Bausch and Lomb metallographic microscope with 20-mm objective. Above the microscope eyepiece a split-beam prism and 16-mm Bolex motion picture camera was mounted for recording the visually observed phenomena on film. A spigot in the side of the furnace was arranged so that the furnace tube could be continuously flushed with argon, while in operation, in order to protect the tungsten probe from oxidation at the working temperature. The crystal was springmounted in a holder, which in turn plugged into an Amphenol connector socket. The connector was mounted on a heavy metal block which was free to slide on a smooth table rigidly attached to the microhardness tester frame. This made it possible to insert the crystal into the furnace tube without making any physical contact with the furnace proper, and insured very high resistance leakage paths between the metallic film on the crystal and the probe. Four principal types of visible structure were produced by contact of the charged microprobe. These are called "geometric patterns," metallic "platelets," c-axis "threads," and center-electrode "spikes." All visible effects discussed below were obtained using chemically deposited Ag in hollow Madagascar quartz samples unless otherwise noted.
"Geometric patterns" (Fig. 1) were rapidly produced at or near the surface on contact of the probe (at about minus 300 V, 500---560°C) with the""'" (0001) face about 20%-40% of the time. Patterns of the order of 0.1 cm were produced in 0.1 sec. Sometimes they were also produced at points on an expanding metallic platelet.
Metallic "platelets," usually circular ( Fig. 2) , commenced to grow in a (0001) plane beneath the probe tip shortly after contact, irrespective of whether a geometric pattern had been produced or not. Their resistivity was roughly of the order of 4 X 10-6 n em. Blemishes in the film source of Ag were translated along the c axis, and imaged in the platelets. It appeared that one could "write his name in silver" inside the quartz. A series of parallel platelets could be grown by contact of the probe with a beveled surface, or by successively reversing the direction of current flow. Figure 3 illustrates a uniform platelet thickness between 0.3 and 0.5 fJ.. (Exact measurement was difficult because of light scattering.) Steps of several thousand angstroms can be seen. Figure 4 exhibits a corduroy or stringy platelet surface texture reminiscent of solidifIcation. The platelets tended to avoid crossing lines of a geometrical patterns formed on a previous run (after which the probe was moved). Straight "threads," less than 1 fJ. in diameter, sometimes extended from platelets along the c axis toward the Ag source for a hundred microns or so, as in Fig. 5 . "Ganglia," or spheres of about a micron in diameter, often appeared randomly along the threads. Electrical connection between closely spaced neighboring platelets appeared to be established in small regions densely populated with threads. Figure 6 is an example where the platelets are 40 fJ. apart.
"Spikes" appeared on the Ag plated hollow about 40 min after a previously probed sample had cooled to room temperature. The spikes tend to lie at 53° to the basal plane, and extend 0.05 cm or less into the crystal. Spikes were not observed when the Ag source was deposited on a carefully polished planar surface. Their orientation is similar to "cracks" etched by Nielson. Chemical spot tests 22 indicated the presence of Ag in the platelets. Laue back-reflection pictures along the c axis showed the normal rings expected of Ag foil superimposed in the Laue pattern for quartz, whose spots were distorted. No evidence of single Ag grains could be detected in the Laue pattern, suggesting a grain size less than about 5 fJ.. On the other hand, the KCXl and KCX2 lines were resolved sufficiently to suggest the Ag grain size was greater than 0.1 fJ.. Splitting of the quartz spots, suggestive of small angle boundaries up to t degree, was produced by an x-ray beam in the basal plane which intercepted several platelets on adjacent planes. However, no change in the quartz lattice spacing (to 1 part in 10 4 ) could be detected on a parallel-plate sample through which 2 mg/ cm 2 Ag had passed. Gross fracture frequently originated at platelet edges. What appeared to be microcracks were often visible extending beyond the platelet, sometimes departing [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to
Silver platelet and dendritic growth using synthetic quartz (magnification X32).
from the basal plane. Evidence of lattice strain could be seen between crossed polaroids in samples sectioned and polished so as to expose the platelet edge. Although quartz is normally reported to fracture conchoidally, basal plane cleavage could be induced mechanically at a platelet-quartz interface. With synthetic quartz, metallic "platelets" grew much more slowly in the basal plane, and usually lacked a symmetrical outline. In addition to the platelets, con- siderable dendritic growth occurred as in Fig. 7 , usually in spurts above 500°C for probes of minus 300 to 500 V. These growth spurts seemed to be accompanied by luminescence at the tips of some of the dendrites, and pulses of lOlL 10 14 electron charges in the probe current. Figures 8 and 9 show the dependence of typical Ag platelet diameter and probe current upon time for several temperatures. Both plots are linear with time for platelet diameters greater than about 10-2 cm. For .8
.7
.., smaller platelets the data were nonreproducible, and appeared to depend, inter alia, upon the prior length of time the charged probe had remained in the vicinity before actually making contact with quartz. It was supposed that the effective moment of electrical contact was slightly uncertain, and the linear curves of Figs. 8 and 9 have therefore been shifted in time (by less than 20 sec) so as to pass through the origin. Transients were seen, similar to the displacement currents.
1 At 560°C and 510 V the initial half-life was less than 1 sec. As the transient decayed its half-life increased manyfold. Au behaved qualitatively similarly to Ag in all respects studied. Typical platelet growth data are shown in Fig.  10 . Ag and Au platelet growth rate is shown as a function of temperature in Fig. 11 field strengths (using applied potential and measured platelet distances). Activation energies H obtained from slopes in Fig. 11 are plotted against the square root of field strength (8) in Fig. 12 . The value obtained on tests with Ag coated flat quartz plates is also shown. These fall near the straight line
where Ho=38 kcaljmole, and 13=0.32 kcal [mole/ (V/cm)l]. Hence the platelet radius r is approximately
where R is a constant. No prominent surge current or visible phenomena were noted for either natural or synthetic quartz for equatorial currents using Ag or Au anodes, and none were observed for axial currents using a steel anode. Activation energies were near 38 and 39 kcal/mole for equatorial and axial currents, respectively, as seen in Fig. 13 . Considerably greater scatter occurred in the data for the probe current. The results, however, were similar to those above. Transport of Na, Sn, Pb, Bi, and Pt was also qualitatively explored at 560°C in Madagascar quartz, with a probe of minus 400 V, but no platelet growth was [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] obvious. Na appeared to pass more easily than Ag (currents of the order of 10-3 A), however, it oxidized on emergence and formed a considerable "blob" about the probe. It is uncertain whether any Sn, Pb, or Bi actually passed through the crystal (1O-L 1Q-s A currents). In all, one uncertain visible spot might have been formed (and promptly oxidized) with Pb, 3 with the Bi, and none with Sn. No geometric patterns were seen with Na, Sn, Pb, Bi, or a steel rod as anode. Pt produced several geometric patterns 10--20!l. in diameter and nothing else.
DISCUSSION
Present work confirms the easier transport of impurity along the c axis. This is geometrically plausible! in a hard sphere model of the lattice (using Pauling's radii 23 ), where the least constricted (",0.6 A) path between adjacent interstitial positions follows the c axis.
The smaller singly charged ions tended to migrate more readily than the larger ones (except 5 possibly for Cu). Migration was not confirmed for any of the commonlymulticharged ions. According to Faraday's law, the thickness S of an equivalent uniform circular platelet of Ag deposited by a current I can be calculated: independent of temperature, where ez is the ionic charge, A is the atomic weight, p the density, No Avogadro's number, and numerical values for I and r from the data of Figs. 8 and 9 have been used. Comparison with the observed thicknesses of 0.3--o.5!1. implies (since the calculated thickness is less than the observed thickness) that probably the conduction current is purely ionic Ag. A problem concerning the mechanism of platelet formation arises from the experimental fact that the platelets formed within the bulk of the lattice have a nearly uniform thickness. The question is now this: If it is assumed that the metallic ions move along the c-axis channels, as has been amply demonstrated, it is not immediately clear why only a discrete platelet was formed, and why it was not thickest in the vicinity of the probe (where the transport could have occurred for a longer period of time), thinning out near the edges. This seems to indicate that the transport of ions takes place principally at the periphery of the platelet. This was further substantiated by the fact that both the probe current and platelet diameter increased linearly with time, hence the ion current would be proportional to the platelet diameter or circumference.
Consider the metallic ions that move along channels that intersect the plane of the platelet one or two lattice spaces from the platelet edge. Since axial motion of the particles is considerably easier than equatorial motion, as was demonstrated, the particles eventually reach the plane of the platelet, but do not make electrical contact. However, as a result of the platelet being very thin, approximately 0.17 j.L, there is a large electric field in the vicinity of the platelet edge. It is possible that this field, about 10 7 V / cm, acting over a distance of about a lattice space causes equatorial transport in the plane of the platelet. There may also be "free surface" in the form of a small crack preceding the platelet as it grows. The ions moving in this manner around the entire periphery form an expanding conducting metallic platelet. Ions moving along channels which are connected directly with the metallic platelet become neutralized on making electrical contact with the platelet, and remain lodged in their respective channels. They may also make occasional jumps in the equatorial direction. As time increases these channels continue to accept and hold the metallic impurities and thus broaden to form c-axis threads as seen in Fig. 5 . The fact that the crystal fractures is not surprising when the proposed mechanism is considered. It is assumed that the metallic ion impurities migrate, interstitially, under the influence of the electric field, along the c-axis channels. As a result of the strain induced by the accumulative introduction of impurities, the formation and expansion of platelets, the crystal sometimes fractures, thus alleviating the strain.
An explanation concerning the differences observed for platelet formation in natural and synthetic quartz now seems plausible. The presence of numerous imperfections in synthetic quartz as compared to natural quartz has been shown through the study of resonator characteristics. 14 These imperfections were assumed to be interstitial and substitutional impurities, misalignment of the lattice due to broken silicon oxygen bonds, etc.
It is suggested that the dendritic type of growth of platelets in synthetic quartz, Fig. 7 , is a result of the blocking or partially blocking of the c-axis channels by the above-mentioned imperfections. The subsequent behavior of the sporadic lengthening of the dendrite with an associated current pulse would represent the clearing out of a blocked channel or group of channels with a surge of silver ions arriving at the surface.
The mechanism which limits the rate at which metallic ions, under the influence of an electric field, migrate through the quartz lattice is of prime importance. The gross factors which are most likely to influence the rate of transport are: (1) motion of metallic ions from an external source into the crystal lattice ; (2) migration of the metallic impurity ions through the crystal bulk; (3) nucleation or neutralization of the ions at or near the collecting electrode. In studying the diffusion of Li+ ion through quartz in an electric field, Vogel and Gibson 5 found that the diffusion process was independent of crystal thickness. In the current study similar results were noted while observing Ag platelet formation.!6
Hence it seems doubtful that, at least, for Li and Ag that the field dependent rate limiting process is due to the migration of the ions through the bulk.
Concerning the energy of formation for internal surfaces through platelet growth, a theoretical calculation 16 following Gilman 24 yielded an energy of '"" 14.1 kcal/mole (of surface). The presence of mobile Ag+ ions may reduce this value further. Comparison with 38 kcal/mole for platelet formation (extrapolated to zero field) suggests that this is probably not the rate limiting process. Moreover, it is not obvious how the field dependence would come about.
Hence it seems probable that the practical rate limiting factor for ions moving to the platelet edge is connected with a field dependent process of introducing metallic ions from an external source into the lattice. The current is "shut off" by other very high activation energies for flow other than to the platelet edge. An analysis of impurity introduction has been made elsewhere. 25 25 E. A. Milne, Jr., and P. Gibbs (to be published). Several divalent and trivalent rare-earth ions incorporated in various host crystals have been found to exhibit stimulated emission in the near infrared. A report is presented describing some of the basic characteristics of these materials: absorption and fluorescence spectra, energy level diagrams, optical maser wavelengths and operating temperatures, and thresholds for stimulated emission. Recent observations on the CaWO.:Nd3+ optical maser in continuous operation are also described.
S INCE the Schawlow-Townes
1 proposal extending the maser concept to the infrared and optical regions, the optical maser has become a practical reality. The predictions of this theory were first verified in ruby2.3 (CrH ions in Ab03). Optical maser action was then observed from Sm2+ ions in CaF 2 ,4,5 UH ions in CaF 2 , 6 and in He-Ne gas.
7
During the past year or so, optical maser action has been observed in a number of systems incorporating divalent and trivalent rare-earth ions as active agents. The purpose of this paper is to present the results of a series of experiments, covering spectroscopic measurements and observations on optical maser behavior, on crystals of this type. The largest body of information concerns crystals containing the trivalent rare-earth ions Nd H , H 0 3+, and Tm H . In particular, Nd H in Ca W04 is considered in some detail, and is discussed in two parts. Spectroscopic data related to maser operation is presented in Sec. II, along with similar data on crystals containing HOH and Tm H . The technical aspects of maser behavior is treated in Sec. V.
I. EXPERIMENTAL
Fluorescence spectra were recorded by a PbS detector in conjunction with a Perkin-Elmer model12G grating spectrometer. Emission was excited by either an Osram HBO 200 high-pressure mercury lamp or a 1000-W General Electric AH6 mercury lamp. Spectra at low temperature were obtained by inserting a crystal into a small quartz Dewar containing liquid nitrogen or hydrogen.
Optical maser spectral characteristics under pulseillumination conditions were determined in the following manner. Single-crystal boules were cut and ground into cylindrical rods, typically 0.12 in. in diameter and 2 in. long, and both ends polished. Silver was evaporated onto the end surfaces, one end being left partially transmitting «1%). The rod was attached to one end of a hollow Cu-Ni tube, a glass window was cemented to the other end, and the assembly was placed inside a quartz Dewar. The Dewar was centered in a GE FTS24 helical xenon flash lamp. The lamp was flashed by discharging an appropriate condenser (2 to 200 .uF) charged typically to 1 kV. Light emerging from the lightly silvered end of the rod and passing up through the tube was focused onto the entrance slit of the spectrometer. Either an RCA 7102 photomultiplier tube or a cooled gold-doped germanium detector was employed [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to
